This paper presents the results of investigations concerning input−output systems of an electromagnetic wave in the visible
Introduction
The fundamental problem in structures of integrated optics is the introduction of the electromagnetic wave generated by a semiconductor laser into the waveguide layer [1, 2] . This is connected with a transformation of the volumetric electro− magnetic wave generated by the source of light (e.g., the laser) into an electromagnetic wave propagating inside opti− cal waveguide structure [3, 4] . In systems of integrated op− tics several technical solutions are applied, permitting the introduction or output of the electromagnetic wave to the waveguide layer. Attractive ways of introducing and lead− ing out the light into and out of the structure are, among oth− ers, the application of a prism coupler or photonic structures with grating couplers [5] [6] [7] .
For several years researches are conducted on applying zinc oxide in structures of integrated optics. Zinc oxide (ZnO) belongs to semiconductors of the group II-VI. It is characterized by an absorption edge of light on the level of l »380 nm; (above the absorption edge ZnO is transparent for light) [8, 9] . An essential property of ZnO, when applied in structures and systems of integrated optics, is the value of its refractive index of light n. ZnO is characterized by a rela− tively high value of the refractive index: on the level n »2.3 in the range near ultraviolet (l »370 nm), in the visible range it is on the level of n »2.0, and in the range of near infrared it amounts to n »1.9 at l »1000 nm [10] . Zinc oxide is characterized by a high value of the energy band gap amounting to E g »3.3 eV [11] [12] [13] .
Input-output systems based on hybrid structures
In investigations, the results of which are quoted further on, the idea of a hybrid input−output system has been suggested. As the input system coupling the light into the waveguide structure a prism coupler was applied. As the output system of the light leaving the waveguide the grating coupler with a spatial period of the grid L was used. The scheme of the investigated hybrid structure (prism and grating couplers in one waveguide structure) is presented in Fig.1 . The analysis of the operation of the respective input−out− put systems is dealt with further on. The refractive index n p of the prism coupler has a higher value than that of the waveguide layer n w . The introduction of light into the struc− ture occurs in the range of the optical contact (Fig. 2) by the effect of light tunnelling. The waveguide is excited by the prism coupler when the components of the wave vector along the way of propagation in the prism and in the wave− guide layer are equal, and correspond to one of the possible components of propagation in the waveguide layer [14] 2 2 0 0
where: n p is the refractive index of the prism, Q is the angle of incidence of the light beam upon the base of the prism, b w is the propagation constant in the waveguide layer, N eff is the effective refractive index of the waveguide. Figure 2 illustrates the practical using of the prism cou− pler in the input element, for introducing light into the pla− nar waveguide structure. The element includes a prism fixed in the mechanical system, permitting to align the prism in relation to the investigated planar waveguide. The wave− guide is pressed against the prism coupler by means of the mechanical element where is assured the optical contact between the prism and the waveguide (seen as a brighter point inside the prism) Fig. 2 .
The application of the prism coupler as the input system for the electromagnetic wave (light) permits to excite selec− tively the given waveguide mode (basing on previously determined modal characteristics and the knowledge of the synchronic angles, corresponding to the given waveguide mode).
The light that is introduced by means of the prism cou− pler propagates in the planar waveguide based on zinc oxide up to the region in which the output system is situated.
As the output system ( Fig. 1) for the electromagnetic wave removes from the investigated planar waveguide, was used the grating coupler (Fig. 1) .
Photonic elements in the form of grating couplers applied as output structures have the form of periodical dis− turbances of the refractive index on the surface of the optical waveguide [15, 16] .
Periodical disturbances are performed with determined geometrical parameters, like the spatial period of the grid L, the depth of the groove in the grating coupler d s , the filling factor k w and the given shape of the grooves in the grating coupler. The electromagnetic wave (from the visible and near visible spectrum) can be removed from the planar waveguide by means of a grating coupler if the following condition is satisfied [17, 18] 
where: b c is the propagation constant in the environment; b w is the propagation constant in the waveguide layer; L is the space period of the grating; m is the order of diffraction. An advantage of the application of the photonic struc− ture as the output system for light is the fact that such struc− tures are an integral part of the waveguide layer. Such a solution permits to apply a large scale of miniaturizing optic structures and to form systems with reproducible parameters [19] . Photonic structures serving as an output systems may also be applied in sensor systems [20] . Sensor structures with grating couplers may be used in gas sensors for detecting changes of the refractive index in the sur− rounding medium, basing on measure of changes of the der− ivation angle Q of the electromagnetic wave from the optic waveguide [21] .
The investigated planar structures with grating couplers were constructed basing on semiconductor materials, viz. zinc oxide.
Results of numerical investigations
An effective derivation of light from the waveguide struc− ture by means of the grating coupler requires an adequate choice of its geometrical parameters, such as: the space pe− riod L of the grating (considerably determined by its tech− nology), the depth d s , and shape of the grooves in the grat− ing coupler. In order to determine optimal geometrical pa− rameters of grating couplers detailed analyses were carried out, in which special attention was paid to the determination of the depth of the grooves in the grating coupler d s , for which the maximum power derived from the waveguide layer to the adjacent mediums.
In the numerical analyses adequate initial conditions have been assumed taking into account the geometrical and optical parameters of the modelled structure. The space period of the grid of the grating coupler amounted to L = 1.4 μm or L = 1.5 μm. The surrounding medium is air with a refractive index n c = 1.00, the substrate is melted quartz with a refractive index n s = 1.45. Further on in the numerical analyses and experimental investigations it has been as− sumed that the waveguide layer consists of semiconductorzinc oxide, characterized by the refractive index n w = 2.00. The presented here numerical analyses were performed making use of the method of finite differences in the time domain (practically -into the air) as a function of groove depth in the grating coupler. In further investigations these analyses were used to construct technologically photonics structures with the best usable parameters. The analysed structures with grating couplers are characterized by: thickness of the waveguide layer ZnO d w = 600 nm, a space period L = 1.4 μm, where, widths of the crest and groove of the coupler were w g = 0.7 μm. The analyses concerned the modes TE0, TM0. Another modelled photonic structures were grating couplers with a period of the grid grating L = 1.5 μm, in which both the width of the crest and groove of the coupler were w g = 0.75 μm. In such a case the analyses were carried out for the modes TE0 and TE1. The analysis of the optical power radiated to the clad− ding P outclad in the function of the depth of the grooves in the grating coupler d s concerning modes TE0 and TM0 proved that together with the increasing depth of the gro− oves in the grating coupler d s in the photonic structure the emitted optical power grows until its density has reached the maximum value. The characteristics of the normalized density of the optical power radiated into the cladding, concerning the modes TE0 and TM0 in the case of the space period of the grid amounting to L = 1.4 μm have been shown in Fig. 3(a) .
The depth of the grooves in the grating coupler d s with a period of the grid L = 1.4 μm, for which the maximum of the density optical power radiating through the photonic structure to the environment P outclad had been recorded, amounted respectively to d s = 110 nm in the case of the mode TE0 and d s = 160 nm for the mode TM0. Figure 3(b) presents the characteristics of the density of optical power radiated from the photonic structure to the environment, concerning structure with a larger space period amount− ing to L = 1.5 μm. The maximums of the radiated power of the electromagnetic wave to the adjacent layer P outclad are achieved at other depths of the grooves, and amount respectively to d s = 80 nm in the case of the mode TE0, and d s = 200 nm for the mode TE1. The performed numerical analyses confirm the influence of polarisation of the modes and their orders on the optimal depths of the grooves in the gratings d s .
Results of experimental investigations
Experimental investigations concerning hybrid waveguide structures with prism and grating couplers started from for− mation of the grating coupler. The waveguide layer of zinc oxide was deposited on a melted quartz substrate, applying reactive cathode sputtering in an atmosphere of oxygen O 2 and argon Ar. Then the structure was relaxed mechanically by means of rapid thermal annealing (RTA) in order to at− tain a low attenuation of the optical signal in the waveguide structure. A pattern of the grating coupler was accomplished by making use of photolithography processes. The last stage consisted in the excitation of periodical grooves in the wa− veguide ZnO layer by means of etching in inductively cou− pled plasma technology (ICP). The ZnO waveguides with prism and grating couplers were investigated experimen− tally, concentrated on the determination of the mode charac− teristics and the determination of the synchronic angles for the respective waveguide modes. For this purpose the wave− guide with the grating coupler was optically excited by means of a prism coupler, the parameters of which were known, viz. the breaking angle d, of a prism, and its refrac− tive index n p , the angle of incidence of the laser beam upon the frontal surface of the prism j. Basing on these investiga− tions the values of the synchronic angles of the respective waveguide modes could be determined. Experimental in− vestigations of photonic structures with grating couplers, carried out in order to determine their real geometrical pa− rameters, such as the space period of the grid L, the depth of the groove in the grating coupler d s and its shape, were ac− complished by making use of atomic force microscopy (AFM). In investigations of the hybrid structure with prism and grating couplers as input−output systems for electro− magnetic wave (light) a test stand was used consisting of a semiconductor laser with a wave length l = 677 nm. (The laser was fed by a stabilized feeder and its temperature of operation of the semiconductor structure was also stable). In the optical path of the test stand for the linear polarization of the light beam a crystalline polarizer Glan−Thomson and an optical rotator were applied. The optical signal radiated from the grating couplers to the environment was detected by means of a CCD line camera. The signal was acquired in a computer of the class PC. The measuring stand is presented in Fig. 4 . The CCD line camera was placed at a distance of about 7 cm from the photonic structure with the grating coupler.
Investigations of the constructed planar waveguide structures based on ZnO have made it possible to determine its modal characteristics and the values of the synchronic angles for the given waveguide modes. The mode character− istics of the investigated exemplary waveguide structure with the marked respective waveguide modes have been presented in Fig. 5 .
The performed investigations prove that the planar wa− veguide is a several modes' structure, permitting the propa− gation of basic modes (TE0 and TM0) and modes of a hi− gher order (TE1 and TM1). The determined values of the synchronic angles concerning any given waveguide mode were then utilized in investigations of the hybrid input−out− put system. In the hybrid structure as the output element for light were used grating couplers with space periods of the grid amounting, respectively to L = 1. As far as the photonic structures with L = 1.5 μm, the output light recorded by CCD line camera for the basic mode TE0 has been presented in Fig. 8(a) , and for the mode TE1 in Fig. 8(b) .
The investigations prove that hybrid photonic structures (with prism and grating couplers) displaying a space period of the grid L = 1.4 μm and L = 1.5 μm may be applied in planar waveguides based on ZnO layers for the electromag− netic wave from the visible (and near visible) range. This is an important future because grating couplers with a period of L »1.5 μm can be done even with the use of classical methods of optical lithography.
The investigations confirmed that by means of the grat− ing coupler described above the light propagated in the waveguide can be radiated both in the case of modes with TE and TM polarization with the similar efficiencies.
Conclusions
The proposed waveguide hybrid structure containing a prism coupler as an input element and a grid as an output element for electromagnetic wave from visible and near vis− ible range units the advantages of both types of couplers. Presented waveguide hybrid structures can be applied as a sensor structure for gas detections. The numerical analyses show that the angle of the output of light from grating cou− pler is very sensitive to changes of optical properties of the waveguides, as well as changes of electrical (and hence -to optical, too) properties of the environmental surrounding the grating coupler. The hybrid waveguide structure is addi− tionally attractive for sensor application because the wave− guide layer on the ZnO semiconductor is made. The pre− sented investigations of the hybrid waveguide structures based on ZnO layers are novelty and were not published yet.
